TCTP was initially identified as a growth-related protein on the basis of its translationallydependent regulation of expression in mouse ascetic tumor and erythroleukemic cells (9,10).
It is implicated in a broad diversity of intracellular functions as a stimulator of cell proliferation, growth, survival and stress responses (see Ref. 11) . TCTP shares structural features with Rab-binding proteins from the Mss4/Dss4 family (GFCs), leading to the suggestion that TCTP could be a chaperone (12). Besides certain cancerous cells, TCTP is particularly abundant in highly proliferating cells, e.g. in spermatogonia of fetal rat testis and neonatal as well as in adult human testis (13). In Drosophila melanogaster TCTP controls cell growth and the rate of proliferation by regulating dRheb GTPase (14). Mouse TCTP gene inactivation is embryonic lethal, however, fibroblasts derived from TCTP -/-embryos apparently proliferate at a wild-type rate (15). This indicated that TCTP is not essential for cell viability (at least in fibroblasts), but may be involved in essential developmental processes in the mouse. TCTP is also a well known calcium-binding protein (1, 16, 17) .
Mechanisms by which TCTP is implicated in so different intracellular functions remain elusive, except for a recently described role as a transcription factor regulating oct4 and nanog genes expression (18). The activity of TCTP as transcription factor activating the pluripotency genes oct4 and nanog (18) together with abundance of TCTP in highly proliferating cells makes this protein a potential candidate for a regulator of early development and stem cells (19) . This effect of TCTP may depend on its activity as a genetic regulator, either as a transcription factor or a regulator of translation as it was reported to interact with elongation factor-1 delta (20).
Given that TCTP also resides in the cytoplasm and is associated with the cytoskeleton, it is likely to have non-genomic, cytoskeleton-mediated cellular functions. Several independent observations have led to a suggestion that TCTP interacts with microtubules (MTs). TCTP has been reported to colocalize with microtubules in vivo and could be purified in a complex with tubulin and MTs, with a potential MT-binding domain identified in the N-terminal part of the protein (21). Yeast mutants lacking TCTP are hypersensitive to the MT inhibitor benomyl providing a genetic link between TCTP and MT function (22). Consistent with this, in mouse oocytes and embryos, antibodies raised against TCTP decorate the mitotic spindle (23), while phosphorylation of TCTP by a key cell cycle-regulating kinase Plk1 has been implicated in destabilizing MTs (24). These various observations are suggestive of a close relationship between TCTP and the MT cytoskeleton, which may be important for regulation of cell cycle events, proliferation and therefore also for tumorigenesis.
Here we have examined in greater detail the association of TCTP with the cytoskeleton in Xenopus XL2 and human HeLa cells as well as in Xenopus oocytes and embryos cell-free extracts. The main goal was to define the cytoplasmic as opposed to transcriptional roles of this protein. Our data indicate that TCTP association with MTs is qualitatively different from that of conventional MT-associated proteins (MAPs) and is also tightly associated in a MTindependent manner with spindle poles in mitosis. Our major finding is that TCTP associates selectively with certain F-actin structures. Functional studies further indicate that TCTP is involved in regulating cell shape both during interphase and mitosis, probably via complex interactions with both the actin and MT cytoskeleton. Our study sheds new light on a plausible cytoskeleton-related role of TCTP in carcinogenesis.
Materials and methods

Tissue culture cells
The XL2 cell line was cultured in L-15 medium supplemented with 10 % fetal calf serum (FCS; full medium) and incubated at 25°C in air. HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10 % fetal calf serum (FCS) and incubated at F o r P e e r R e v i e w 4 37°C in 5 % CO 2 . Media were supplemented with penicillin (100 Units/ml) and streptomycin (100 mg/ml).
Immunocytochemistry of tissue culture cells
HeLa cells seeded on glass coverslips were fixed in 75 % methanol, 3.7 % formaldehyde, 0.5x PBS or in 3.7 % paraformaldehyde in 1x PBS for 10 min at room temperature and permeabilized with 0.1% Triton X100 in PBS for 5 min. DNA was visualized using DAPI.
Polyclonal antibodies against XlTCTP (raised in our laboratory) and against HsTCTP (SantaCruz) were used at the dilution of 1:1000 and 1:100 respectively with overnight incubations at 4°C. Anti-β-tubulin (Sigma) and anti-α tubulin (Euromedex) were diluted 1:200. Purified antic-myc antibody (Sigma) was diluted 1:100. Secondary antibodies (FITC and RITC-conjugated, 1:1000 dilution; Molecular Probes) were incubated for 1 hr at room temperature. F-actin was detected with 2 units/ml of rhodamin-conjugated phalloidin (Molecular Probes). Coverslips were mounted in Vectashield and examined using a Leica DMRXA2 fluorescence microscope or Leica Confocal SP2 microscope. Photographs were taken using a black and white COOLsnap ES camera (Roper Scientific) and images were processed using Metamorph software (Universal Imaging).
Cell transfection
For transfection of XL2 cells with plasmids encoding Xenopus Myc-TCTP, 5 x 10 5 cells were plated on glass coverslips in a 12-well plate. Cells were transfected with 0.5 µg of plasmid DNA using FuGENE 6 Transfection Reagent (ROCHE) following the manufacturer's instructions.
Cell-free extracts and in vitro spindle assembly
Cytostatic factor-arrested extracts (CSF-extracts) were prepared as described (25). For in vitro spindle assembly, 0.5 µl of rhodamine-labeled bovine brain tubulin (Cytoskeleton) was added at 0.2 mg/ml and 2 µl of sperm heads at a concentration of ~1000 nuclei/µl added to 50 µl of the extract and incubated for 60-90 min at 21°C. Aliquots of extracts containing spindles (2-3 µl) were placed on a slide, covered with a coverslip, pressed with a finger, immediately fixed in liquid nitrogen, washed with PBS and processed for immunofluorescence (crude spindles).
In vitro assembled spindles (15 µl of CSF-extract) were pre-fixed in 1 ml BRB80 buffer (80 mM K-Pipes, pH 6.8, 1 mM EGTA, 1 mM MgCl 2 ) containing 30 % glycerol, 1 % paraformaldehyde, and 0.5 % Triton X-100, and centrifuged (2300 x g, 30 min at room plate. Spindles were fixed by adding 1 ml cold methanol (-20°C) for 10 min at room temperature (isolated spindles). Then fixed spindles were processed for immunocytochemistry.
Western blot
Protein samples were subjected to electrophoresis on 9 to 12.5 % SDS-PAGE gels (26).
Separated proteins were transferred to nitrocellulose membranes (Hybond C, Amersham Biosciences) and probed with primary antibodies either against TCTP, c-myc, α-tubulin, Eg5
(gift from Jean-Pierre Tassan, Rennes) or tropomyosin (gift from Serge Hardy, Rennes).
Antigen-antibody complexes were revealed using alkaline phosphatase conjugated anti-rabbit or anti-mouse secondary antibodies (diluted 1:20,000) in combination with Enhanced
Chemifluorescence reagent (ECF; Amersham Biosciences). Signal quantification was performed using ImageQuant 5.2 software (Amersham Biosciences).
Production and purification of recombinant XlTCTP wild-type and truncated proteins
To express Xenopus laevis TCTP, the 519-bp coding sequence was amplified by PCR from
Xenopus egg cDNA with appropriate oligonucleotides including a BamHI (5'-end primer) and a HindIII (3'-end primer) restriction site and cloned into pGEM-T vector (Promega). Analysis of the sequence of the PCR product confirmed it coded for a 172-aa protein 100% identical to XlTCTP (Tpt1-prov protein: GenBank accession number AAH43811). A cDNA coding for a truncated version of XlTCTP lacking the MAP1B domain (TCTP ∆MAP1B = aminoacids 1-81+122-172) was also constructed. Both TCTP cDNAs were then cut with BamHI and
HindIII restriction enzymes and ligated in the corresponding site of the expression vector pQE30 (Qiagen). The resulting plasmids were transformed into XL1b E. coli bacteria (Novagen) which were then able to produce 6xHis-tagged XlTCTP wt and ∆MAP1B upon addition of IPTG (isopropyl-b-D-thiogalactopyranoside). Both recombinant proteins were purified under denaturing conditions by affinity chromatography on cobalt resin (Talon™; Clontech), renatured by dialysis against PBS containing decreasing amounts of urea and finally concentrated by centrifugation using a Microsep™ device (molecular weight 10K cutoff; PALL). The full-length 6xHis-tagged XlTCTP was used to raise rabbit polyclonal antibody against Xenopus TCTP (Charles River Laboratories) and both proteins were also used in various assays.
In vitro microtubule self-assembly and disassembly
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RNA interference
Human and Xenopus TCTP siRNAs were purchased from Eurogentec. A single Xenopus Although the fibrous TCTP localization is highly reminiscent of the MT network the 
TCTP associates strongly with mitotic spindle poles
To examine in detail TCTP localization within the spindle we used "CSF" cytoplasmic extract (metaphase-arrested oocytes) in which spindles were assembled around sperm nuclei and visualized using rhodamine-labeled tubulin. Immunofluorescence of spindles frozen within thin layer of crude cell-free extract ( Fig. 2A, top panel) confirmed enrichment of TCTP in the spindles, as seen in XL2 cells (Fig. 1A, c,f) . However, the fibrous, not linked to MTs organization of TCTP staining was restricted to the cytoplasm ( The residual TCTP remaining within such spindles was again neither fibrous nor colocalized with MTs. These results confirm that TCTP is enriched in mitotic spindles, but indicate that it is not linked directly to MTs, with a strong association only at the spindle poles.
Neither TCTP nor TCTP ∆MAP1B modify MTs assembly/disassembly in vitro
The results described above suggest that either TCTP is not associated directly with MTs or that this association differs significantly from that of other MAPs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 inserm-00365989, version 1 -17 Mar 2009 F o r P e e r R e v i e w 9 to intact TCTP: cytoplasmic staining in interphase and both cytoplasmic and spindle staining in mitosis (Fig. 2C ). We conclude from these studies that neither intact TCTP nor a form lacking the putative MT-binding domain modifies MT dynamics, and that this domain is not required for the MT-like distribution of TCTP in cells.
TCTP has no affinity for taxol-stabilized MTs in vitro
We next investigated the affinity of TCTP for in vitro assembled taxol-stabilized MTs. When recombinant 6xHis-tagged XlTCTP was incubated alone at 37°C in the MT-stabilization buffer and then spun down, approximately half of it was pelleted (Fig. 3A) likely reflecting the capacity of TCTP to oligomerize (32). Surprisingly, even high amounts of taxol-stabilized MTs did not significantly increase the quantity of TCTP in the pellet ( (Fig. 3C ). This shows that the absence of detectable TCTP/MT interactions was neither related to the bacterial origin nor to the purification procedure of the recombinant protein shown in Fig.3B , but that the properly folded TCTP protein indeed has no detectable affinity for MTs in our assay.
To test for interactions between native TCTP and MTs in the presence of endogenous cytoplasmic proteins we applied a co-sedimentation assay using Xenopus egg cytoplasmic extracts (Fig. 3D ). Taxol-stabilized MTs were mixed with either interphase or M-phase (CSF) extracts diluted in appropriate buffer, incubated and spun down. The ratio of distribution of endogenous TCTP in the supernatant and pellets was compared. Under these conditions, the kinesin-related Eg5 protein, known to interact with MTs (33), was shown to become enriched in the MT pellet as expected (Fig. 3D , bottom: pelleted MTs appear saturated with endogenous Eg5 and moderate increase is observed). The amount of endogenous TCTP found within the fraction along with MTs did not, however, increase in either type of cell-free extract (Fig. 3D) . We conclude that neither bacterially expressed nor native TCTP behave as MT-binding proteins under these assay conditions. MTs in extracts and the volume of the pellet. As expected, the amount of MTs in the insoluble fraction (P) diminished slightly in the presence of nocodazole and clearly increased when taxol was added (Fig. 3E, right) . However, the quantities of TCTP in the pellet fraction rigorously did not change at all (Fig. 3E, left) . Thus, the endogenous TCTP present in
Xenopus laevis interphase and M-phase-arrested cell-free extracts lacks an affinity for MTs which could be detected in co-sedimentation assay.
TCTP associates with actin-rich structures in XL2 cells
Careful examination of anti-TCTP immunofluorescence and of Myc-tagged exogenous TCTP in paraformaldehyde fixed XL2 cells revealed a distinctive discrete pattern at the cell border in spreading cells (Fig. 4A ). Double staining of TCTP and F-actin (using rhodaminephalloidin) in these cells revealed a significant colocalization between the two proteins in these cellular regions (Fig. 4B) . TCTP strongly colocalized with F-actin at the leading edge of peripheral ruffles. In addition, TCTP colocalized with curly actin-rich fibers proximal to the lamellipodia and those resembling dorsal ruffles (Fig. 4B ). In contrast, stress fibers, the most solid and abundant F-actin structures were not stained with TCTP antibody (data not shown). suggested that this association is under complex regulation and/or may be indirect.
TCTP associates with F-actin in cell-free extracts
As TCTP colocalizes with certain actin structures in vivo, we tested potential interactions between F-actin and TCTP using an in vitro co-sedimentation assay (34). The sedimentation of recombinant 6His-tagged XlTCTP did not increase in the presence of actin filaments ( 
TCTP knockdown changes the shape of XL2 and HeLa cells
To analyse the role of TCTP in vivo we used siRNA to reduce levels of this protein in XL2
cells. In cells treated with TCTP siRNA oligonucleotides, TCTP levels were reduced by about 50% (Fig. 5A ). Similar difficulty to knock down TCTP in XL2 cells was reported recently (8).
The most striking effect of TCTP knockdown was a drastic change in the shape of the cells, which became elongated with characteristic perpendicular protrusions, loosing the flatness of the cell body such that nuclei could not be distinguished in phase contrast images as they easily could be in flattened control cells (Fig. 5A, right) . Moreover, the cells seem to change their contact properties. While control XL2 cells grow in "islands" of well attached flattened cells, those in which TCTP was down regulated showed only a limited area of cell-to-cell contact and despite that they did not tend to form "islands" (Fig. 5A, right) . Since XL2 cells are resistant to transfection and their RNAi is quite inefficient (8), we performed highly more efficient RNAi experiments in HeLa cells, using three different siRNA oligonucleotides directed towards human TCTP. All three siRNAs provoked significant reductions in TCTP levels as shown by Western blotting (Fig. 5B) . Besides well known effects of TCTP knock down as slowed down proliferation and increased apoptosis, the most dramatic phenotypic effect was again a drastic change of cell shape that became elongated with long protrusions ( occasionally found also during mitosis in siRNA-treated cells (Fig. 6A,D) in clear contrast to perfectly round-up control cells (Fig. 6A, control) . These protrusions were always positioned at a single or two ends of the long axis of elongated cells. In the first case, cytokinesis created cells with different sizes (Fig. 6D) . Thus, TCTP depletion has dramatic consequences on cell shape both during interphase and mitosis, exerting effects on both actin and MT cytoskeletons.
Mitotic spindles in cells with knocked down TCTP were indistinguishable from controls when observed with anti-tubulin immunofluorescence (Fig. 5B , oligo A, MTs).
Discussion
In this paper we have examined in detail the relationship between TCTP and the cytoskeleton.
Our results have demonstrated for the first time that TCTP associates with certain F-actin structures and that this protein is involved in shaping of Xenopus XL2 and human HeLa cells.
We have also shown that despite striking similarities between TCTP and MT networks they are not completely super-imposable, and that TCTP has no affinity for taxol-stabilized MTs.
Gachet and colleagues 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 antigen in mouse oocytes (35). The protein reacting with 7/13 antibody is a component of calcium transport system and it is organized in fibers which trace disassembled MTs, and guide newly forming ones (35). Interestingly TCTP is also a calcium-binding protein (1, 16, 17) and could thus also be involved in MT guiding.
We show in the current paper that TCTP is a mitotic spindle protein without detectable affinity for MTs. The pattern of non-fibrous staining and the disappearance of TCTP from isolated spindles suggest that the majority of TCTP is either a spindle matrix protein or associates with spindle structures other than MTs. The role of the spindle matrix is still a matter of debate. However, the recent finding that the nuclear intermediate filament protein lamin B contributes to the spindle matrix and plays an important role in spindle morphogenesis strengthened speculation that such matrix could be more important for appropriate cell division than previously thought (36,37). As TCTP is particularly concentrated in the spindle, forms lattice in the cytoplasm (as shown in Xenopus cell-free extract; Fig. 2A in this paper) and is capable of oligomerization (32), it is a good candidate to participate in a mitotic spindle scaffold. We cannot exclude however, that TCTP is associated with actin present within spindle or with other spindle components. Persistence of TCTP on the spindle poles after spindle isolation on a glycerol cushion (this paper) could suggest that either it is particularly tightly packed on the spindle poles or forms an integral part of centrosomes. These aspects need further analysis.
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FIGURE LEGENDS
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